Pairing of fermions is ubiquitous in nature, underlying many phenomena. Examples include superconductivity, superfluidity of 3 He, the anomalous rotation of neutron stars, and the crossover between Bose-Einstein condensation of dimers and the BCS (Bardeen, Cooper and Schrieffer) regime in strongly interacting Fermi gases. When confined to two dimensions, interacting manybody systems show even more subtle effects 1 , many of which are not understood at a fundamental level. Most striking is the (as yet unexplained) phenomenon of high-temperature superconductivity in copper oxides, which is intimately related to the two-dimensional geometry of the crystal structure. In particular, it is not understood how the many-body pairing is established at high temperature, and whether it precedes superconductivity. Here we report the observation of a many-body pairing gap above the superfluid transition temperature in a harmonically trapped, two-dimensional atomic Fermi gas in the regime of strong coupling. Our measurements of the spectral function of the gas are performed using momentum-resolved photoemission spectroscopy 2, 3 , analogous to angle-resolved photoemission spectroscopy in the solid state 4 . Our observations mark a significant step in the emulation of layered two-dimensional strongly correlated superconductors using ultracold atomic gases.
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One essential mechanism to establish collective quantum phases in Fermi systems, such as superconductivity or superfluidity, is fermionic pairing. In the case of weak attractive interactions between spin-up and spin-down fermions in three dimensions, Cooper pairs form on the surface of the Fermi sea, even though in vacuum no two-particle bound state exists. Pairing and the condensation of pairs go hand in hand. However, in this weak coupling limit, the gap and hence the superconducting transition temperature T c are exponentially small. The fundamental and technological quest for increasing the superconducting transition temperature has led to the discovery of correlated materials that depart from weak coupling theory. These are complex compounds that combine strong interactions and large quantum fluctuations (owing to a two-dimensional geometry), both of which hinder a precise understanding and thorough theoretical modelling, even at zero temperature. Strongly correlated, two-dimensional, layered superconductors have displayed a wealth of new and unexpected phenomena. Among these is the peculiar observation of a suppression of low-energy weight in the single-particle spectral function above T c and hence without direct link to superconducting behaviour [5] [6] [7] . The origin of this pseudogap phenomenon so far lacks full understanding, and the implications of the pseudogap for the appearance of superconductivity have remained an open question.
Ultracold atomic gases provide an ideal testing ground to uncover the physics of strongly correlated Fermi systems because of the exceptional capability to tune the system parameters. Experiments in threedimensional Fermi gases have observed fermionic many-body pairing in the crossover regime from BCS-like pairing to Bose-Einstein condensation of dimers (for a review, see ref. 8) . Neither in the BCS-limit nor in the Bose-Einstein condensate (BEC)-limit is a pseudogap expected in three dimensions. In between, that is, for k F jaj ? 1, the gas is in the unitary regime of strongest interactions. Here k F is the Fermi wave vector, and a is the s-wave scattering length between spinup and spin-down particles. Whether a pairing pseudogap phase exists here or whether a Fermi-liquid state dominates is still debated [9] [10] [11] [12] [13] [14] [15] [16] [17] . When the motion of particles is constrained to a two-dimensional plane, a bound state with binding energy E B exists for any value of the three-dimensional scattering length 8, 18, 19 . This is in contrast to the situation in three dimensions, where weakly bound molecules start to appear in the unitary regime of strongest interaction. The presence of the two-body bound state in vacuum is a necessary and sufficient condition for many-body pairing in a medium in two dimensions 20 , and a small binding energy E B = E F corresponds to the attractive BCSlike regime with interaction parameter ln(k F a 2D ) . 1. Here E F denotes the Fermi energy, a 2D~B = ffiffiffiffiffiffiffiffiffi mE B p w 0 is the two-dimensional scattering length, m is the mass of the atoms and B is Planck's constant divided by 2p. At zero temperature, BCS-type superfluidity has been predicted in the attractive two-dimensional mean-field regime [20] [21] [22] [23] . Qualitatively, we understand the behaviour at strong coupling and finite temperature by considering a complex order parameter
. The phase h(x) may fluctuate as a function of the spatial coordinate x, for example, driven by thermal fluctuations and quantum fluctuations enhanced in low-dimensional systems. For temperatures below the Berezinskii-Kosterlitz-Thouless transition temperature T BKT , the superfluid gap D sc 5 AEDae is larger than zero. For higher temperatures, T . T BKT , phase fluctuations destroy long range order (that is, AEe ih(x) ae 5 0), however, the modulus AEjDjae remains finite up to the pairing crossover temperature T*, which is of the order of E B . The regime between T BKT and T* is referred to as the pseudogap regime, and is still little understood. The transition between the normal phase and the pseudogap phase is not associated with breaking a continuous symmetry but is a crossover phenomenon. This scenario is different from standard weak-coupling mean-field BCS theory in which the superfluid gap is destroyed by pair breaking and T c and T* are approximately equal. The temperature range for accessing the pseudogap phase, that is, the difference between T* and T BKT , is particularly large in two dimensions, because enhanced quantum fluctuations and second-order interaction effects 24 suppress T BKT with respect to the mean-field result. The pseudogap regime is connected by a crossover to a Bose-liquid regime of local pairs when ln(k F a 2D ) crosses zero or, equivalently, E B 5 2E F .
Here, we study two-dimensional Fermi gases for T . T BKT in the strongly interacting regime jln(k F a 2D )j # 1, in which the size of the pairs is comparable to the mean interparticle spacing. Hence, Pauli blocking and other many-body effects act on the pairing, and a key question is whether a pseudogap phase exists above the superfluid transition temperature 25, 26 , T BKT < 0.1T F . We investigate many-body pairing using momentum-resolved radio-frequency (r.f.) spectroscopy (see Methods). To this end, a long-wavelength photon of energy BV creates a single-particle excitation in the two-dimensional gas, which we detect at momentum k. This measures the spectral function A(k, V) *These authors contributed equally to this work.
multiplied by the fermionic occupation function. This technique was originally developed for the study of solid state materials, such as copper oxide superconductors 4 , but recently has been successfully adapted to cold atomic systems 2, 3 . Figure 1a shows a measured spectral function, typical of the data sets we use in this Letter. The spectrum exhibits two features: the upper branch near zero energy corresponds to unpaired atoms, most probably from low-density regions of the trap, with vanishingly small interaction between the free atoms 27 . The lower branch corresponds to the pairing signal with a non-trivial dispersion in the spectral function. In Fig. 1b we plot the spectra A(V) for constant values of k, which show clearly asymmetric line shapes as expected for pair breaking into a continuum, together with our fits (see Methods).
We analyse the spectral function for various interaction strengths and temperatures. In the attractively interacting regime ln(k F a 2D ) . 0 the size a 2D of the pairs is larger than the mean interparticle spacing k {1 F . Therefore, at low temperature no isolated dimers exist in the sample but a many-body pairing gap opens in the spectrum, conceptually similar to a BCS-paired state in three dimensions. The zerotemperature limit of the two-dimensional BEC-BCS crossover has been investigated in the framework of mean-field theory 1, 20 . This has led to the remarkable prediction that at zero temperature the condensation energy per particle E 0~D 2 sc =2E F at k 5 0 should be equal to the two-body binding energy in vacuum E B for all interaction strengths.
The expected r.f. spectrum can be qualitatively estimated on the basis of mean-field theory of a BCS state at zero temperature. Manybody pairing causes an energy threshold E th , and this energy has to be supplied by the r.f. field to create a single-particle excitation. Ignoring final state interactions and assuming two-dimensional geometry with a constant density of states, the momentum integrated lineshape has the form C(V) / h(BV 2 E th )/V 2 , where h(x) is the Heaviside function. We investigate many-body pairing at low temperatures by studying the energy threshold E th of the pairing peak in the photoemission spectrum at momentum k 5 0. This quantity is closely linked to E 0 , and its disappearance, for example as temperature is increased, indicates the transition into a normal phase. Investigating E th at k 5 0, rather than for example at k F , has the advantage that averaging over the inhomogeneous spread of k F and the chemical potential m of the approximately 30 two-dimensional gases (see Methods) has a small effect because the mean-field prediction at zero temperature is not explicitly dependent on m and k F . At the temperature T/T F 5 0.27 (see Fig. 2a , top row), we observe a negligible contribution of free atoms and a sharp onset of the pairing peak. As we increase the temperature of our sample (see Fig. 2a, bottom row) , the spectral weight at low energies increases because the pairing peak broadens and the threshold shifts. For ln(k F a 2D ) 5 0.8 at T/T F 5 0.65, for example, the broadening creates a significant amount of low-energy spectral weight and the threshold of the spectrum even moves to positive energies. The latter result shows that the energy gap has completely disappeared.
In Fig. 2b we show the measured temperature dependence of E th for various interaction strengths on the BCS side of the resonance ln(k F a 2D ) . 0, where no local dimers exist in the sample. We observe that E th moves towards zero with increasing temperature, which indicates that the many-body pairing gap vanishes. We compare our data to finite temperature mean-field theory in two dimensions 1 . Overall, the numerically calculated energy E 0 5 jD(T)j 2 /2E F reproduces our experimental data for E th without free parameters (solid lines in Fig. 2b ). However, some discrepancies remain. For example, for the coldest temperatures the average of E th /E B over all interaction strengths is 0.84 6 0.05, approximately 15% smaller than predicted 
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by mean-field theory. The deviation could stem from beyond meanfield effects provoked by our two-dimensional geometry and interaction energy shifts. It could be more precisely computed using quantum Monte Carlo calculations, which, however, up to now exist only for zero temperature 23 . From our data we conclude that we have realized a many-body pairing phase in two dimensions and observed how it vanishes as the temperature is increased to approach the pairing crossover temperature, T*. Our data are taken above the critical temperature for superfluidity T BKT in two dimensions, which is predicted to be at T/T F < 0.1 in the strong coupling regime. We have verified this experimentally by using a rapid magnetic field sweep across the Feshbach resonance to project the possibly condensed pairs onto deeply bound molecules and then image the molecular condensate after time-of-flight 28 . Whereas this procedure allows us to observe three-dimensional Fermi condensates, in our two-dimensional samples no condensation was detected. We therefore identify our phase as a pairing pseudogap phase.
In addition to the energy threshold at zero momentum, we also investigate how the quasiparticle dispersion is affected when changing temperature and interaction strength. We extract the dispersion data from the peak of the spectral function Fig. 1b ). In the crossover region and on the BEC side of the resonance, the dispersion shows a pronounced concave shape at large momenta ('back-bending'), which we display in Fig. 3a for various interaction strengths. This shape is reminiscent of the hole dispersion of a BCS state and qualitatively similar to that of a three-dimensional Fermi gas near unitarity 3 . We fit the dispersion relation
for k # 1.5k F using the zero temperature mean-field prediction for the chemical potential 20 to extract the parameters effective mass m* and the wave vector k*, at which the back-bending occurs. In Fig. 3b and c we display the results of k* and m*, respectively, which show that k* remains similar to k F 5 8.1 mm 21 across the whole crossover. We note that the temperature of the cloud increases on the far BEC side, possibly due to heating introduced by the nearby confinement-induced p-wave resonance 29 . We model our data on the BEC side of the resonance with a thermal ensemble of singlet pairs using the exact expression of the pair wavefunction in two dimensions and the experimentally determined temperatures 3 (see Methods). The approximation of phase-disordered pairs in the normal state includes the correct short-range physics but neglects interactions between pairs as well as Pauli-blocking in the dissociation process. Our numerical data show that for experimentally relevant parameters the thermal singlet model can give rise to a backbending feature of the photoemission spectrum with similar values of m* and k* as in the experiment (see solid lines in Fig. 3b and c) . A contribution to the back-bending effect from incoherent pairs has been predicted previously in three dimensions 30 . We note that, despite working reasonably well for k* and m*, the thermal singlet model makes incorrect predictions for the energy threshold in Fig. 2 .
It is instructive to observe what happens to the dispersion signal at elevated temperatures. To this end, we have performed experiments in the range 0.27 # T/T F # 0.65 in the strongly interacting crossover regime. We observe that the BCS-like dispersion relation converts into a free-particle-like dispersion as the temperature is increased (see Fig. 4a-c) and we determine the temperature T Ã B at which this change takes place. Figure 4d shows the variation of T Ã B (in units of E B ) in the crossover regime and on the BEC side. We find that the temperature T Ã B is comparable to the pairing temperature T* of mean-field theory (dashed line in Fig. 4d ), but a factor of 0.36 smaller. This discrepancy could suggest that the appearance of the back-bending feature in the spectral function, which has been interpreted as a signature for manybody pairing 3, 11 , is mainly a qualitative evidence. In contrast, our spectroscopic measurements of the energy threshold (see Fig. 2) give quantitative results for many-body pairing and agreement with theory even in a regime where no back-bending feature is observable.
In conclusion, we have observed a many-body pairing gap above the superfluid transition temperature of a strongly interacting twodimensional Fermi gas. Our results represent a major step in emulating and understanding pairing in two-dimensional, strongly correlated materials using cold atoms. In future experiments, an even closer cross-link to copper oxide high-temperature superconductors could be provided by the inclusion of an optical lattice potential to realize the two-dimensional Fermi-Hubbard model. In this model, a pseudogap phase is expected for a slightly doped antiferromagnetic state, and it is believed to precede exotic quantum states like the d-wave superconducting phase, which will be detectable by our technique.
METHODS SUMMARY
In our experimental set-up 19 , we prepare a quantum degenerate Fermi gas of 40 K atoms in a 50/50 mixture of the two lowest hyperfine states, jF 5 9/2, m F 5 29/2ae and jF 5 9/2, m F 5 27/2ae. We confine the quantum gas to two dimensions in a deep optical lattice formed by a standing wave laser field, preparing approximately 30 layers. The interaction strength between spin-up and spin-down particles is tuned at a Feshbach resonance near 202.1 G. The photoemission measurement couples the jF 5 9/2, m F 5 27/2ae state to the weakly interacting state jF 5 9/2, m F 5 25/2ae using a radio-frequency photon of frequency V with negligible momentum transfer. We measure the momentum distribution of the transferred LETTER RESEARCH
